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Hierarchical ZSM-5 was synthesized without organic template and seed-assisted from the abundant natural
source, kaolin, via the facile 1-step hydrothermal process. The hierarchical structure was able to be well-controlled solely on the Na2O/Al2O3 ratio of the precursor. This method is not only simple but greener from the
scientific point of view. As revealed, kaolin layered structure that dispersed in the highly alkaline NaOH medium
prompts the formation of zeolite as the molecular organization is induced. The excess of NaOH acts as desilication agent after the formation of zeolite as proven by the 29Si MAS NMR data.

1. Short communication

Fang et al. reported the application of amphiphilic organosilane combined with seed-assisted synthesis pathway to prepare hierarchical
ZSM-5. Despite its circumvention of using an organic structural directing agent (OSDA), this method still needs the addition of mesopore
templates [16]. The using of template implies an increase in the production costs, air pollution due to thermal decomposition and also
waste contamination. On the other hand, for the post-treatment
method, the creation of hierarchical ZSM-5 is carried out after ZSM-5 is
formed [17–19]. Generally, zeolites are first synthesized and mesopores
are then created by the preferential extraction of one of the framework
elements on the surface of the zeolite. The extraction process includes
the desilication using alkaline solution or dealumination using acid
leaching [17,18]. Overall, all the existing methods are complicated and
need tedious steps to create the hierarchical structure [10,20].
The direct synthesis of hierarchical ZSM-5 zeolite from natural zeolite, attapulgite, has been reported through a vapour-induced transformation (VIT) method, in which the vapour diffuses into ATP and interacts with the framework. Herein we report another novel one-step
method to synthesize hierarchical zeolites from kaolin as natural alumina
source without using any template. Compared with conventional
methods, this method gets rid of the usage of both organic structural
directing agent and mesopore template, and the whole process is completed in only one single step. It is not only simple and greener from the
scientific point of view but instead, the hierarchical structure is able to be
controlled by just varying the amount of NaOH in the precursor.

ZSM-5 is a kind of zeolites which is potential for industrial applications such as alkylation [1] and isomerization reactions [2], adsorption of dyes and heavy metal ions [3], catalytic hydrocarbon
cracking [4] as well as for the conversion of ethanol to hydrocarbon
[5,6]. However, the microporous structure of ZSM-5 leads to the limitation in reactants diffusion. Large reactant molecules cannot access
the micropore of ZSM-5 that dominantly contributed to the extensive
large surface area of ZSM-5. Thus, the catalytic activity and selectivity
toward bulky reactants are extremely low. Nevertheless, the small pore
size also led to rapid deactivation due to the deposition of coke that
blocks the pores [7]. As a result, the micropore structure of ZSM-5 severely hinders its practical application for certain reactions.
The hierarchical structure that consists of different type of pores
(usually micropore and mesopore) was proposed to enhance the reactivity of ZSM-5 toward larger molecules [8]. For this purpose, several
efforts have been performed to create hierarchical ZSM-5, including
templating and post-treatment methods [9,10]. The templating method
is usually carried out by adding organic template during the synthesis
process, such as the cetyltrimethylammonium bromide (CTAB) [11],
triethylamine (TEA) [12], a certain organosilane compound [13] and
carboxymethyl cellulose (CMC) [14,15]. Chen et al. reported that CTAB
was an effective template to form mesopore in ZSM-5 particles by
creating abundant intercrystallite mesopore [5]. For another example,
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Fig. 1. XRD pattern of ZSM-5 synthesized at various NaOH concentration.

In brief, the synthesis of hierarchical ZSM-5 is carried out by the
hydrothermal process of well-adjusted composition of the precursor
(xNa2O: 120SiO2: 2Al2O3: 1800H2O) using NaOH, kaolin and LUDOX.
The resulting mixture is then crystalline in a Teflon-lined-stainless-steel
autoclave to obtain the hierarchical ZSM-5 nanoparticles. Fig. 1 show
the XRD patterns of kaolin and ZSM-5 synthesized from kaolin. The
XRD data gives the evidence that the highly ordered pore system of
ZSM-5 material has been formed completely after the hydrothermal
treatment, complying with the MFI zeolite structure pattern [21]. As for
various Na2O/Al2O3 ratios ranging from 10 to 17, the XRD spectrum
shows similar pattern which indicating that no structural change after
an increment of the concentration of NaOH. However, different crystalline phase was found for others Na2O/Al2O3 ratio.
Fig. 2 shows the nitrogen adsorption-desorption isotherms for ZSM5 prepared with different NaOH concentration and their corresponding
pore size distribution curves calculated using the BJH method based on
the desorption branch. The N2 adsorption isotherm exhibits two step
increment at relative pressure (P/P0) < 0.02 and P/P0 > 0.95. The
adsorption behaviours at low pressure can be interpreted as micropore
filling which signifies the presence of micropore [22,23]. The rapid

uptake at high relative pressure indicate existence of interparticle void
from aggregation of small amorphous gel particle or primary crystal.
Moreover, the synthetized zeolite also shows hysteresis loop at relative
pressure 0.5 < P/P0 < 0.9 caused by capillary condensation on mesoporous channel. The obtained isotherms demonstrated that all of the
samples display the typical irreversible type IV adsorption isotherm
with H3 hysteresis loop, as identified by IUPAC. These results suggest
that the samples possess hierarchical structures that consists of slitshaped mesopores and micropores. Discussion so far proves the formation of ZSM-5 zeolite without the usage of organic structure directing agent. Nevertheless, the hierarchical structure has been formed
by creating mesopores onto the microporous structures of ZSM-5 as
well.
From work published by Shiralkar and Clearfield [24], making ZSM5 in the absence of an organic template is relatively straightforward. As
ZSM-5 is like any other sodium zeolite, it just requires the correct sodium-to-silica ratio. ZSM-5 although initially discovered via a templated synthesis, could actually be made in a template-free synthesis. In
theory if each variable is optimised, i.e. concentrations of reactants,
temperature, duration etc, then it should be possible to synthesize the
151
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Fig. 2. (a) Nitrogen adsorption-desorption isotherms and (b) corresponding pore size distribution curves of ZSM-5 synthesized at various NaOH concentration.

zeolite without a template, as is the case with ZSM-5. The role of the
template is just to expand the phase space where a particular zeolite
will form.
In our case, kaolin layered structure was the crucial factor for the
formation of the hierarchical zeolite as supported by Zhu et al. [25].
The existing silica layers could provide a confined space on nanometre
scale for aluminium source that favour the formation of zeolite as the
molecular organization could be induced. By the way, the formation of
ZSM-5 is not initiated at low concentration of NaOH. It is predicted that
low concentration of NaOH only able to breakdown the kaolin into
smaller particles. As shown in the XRD, ZSM-5 is not formed when the
Na2O ratio is just 2. However, at higher concentration of NaOH, excess
Na+ ions are sufficient to function as the mineralization agent while

preparing a suitable alkaline medium for the synthesis. The addition of
silica source at this point could trigger the self-assembly of silica with
the mineralized kaolin to form the primary particles. As a result, ZSM-5
crystal is formed after the aggregation and nucleation process as depicted in Fig. 3.
Compiling both XRD and nitrogen adsorption-desorption isotherms,
we found that the hierarchical structure is formed after the formation of
ZSM-5 crystal. This is because the hierarchical structure can only be
created with very excess of NaOH. As can be seen, ZSM-5 is formed at
Na2O/Al2O3 ratio of 10, but the significant hierarchical structure only
appears when the Na2O/Al2O3 ratio reached 13. NaOH seems to be the
key component for the mesopore formation. It was found that NaOH
concentration has a very direct impact on the formation of hierarchical
152
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Fig. 3. Proposed mechanism of the formation of hierarchical ZSM-5.

Fig. 4 depicts the 29Si MAS NMR spectra zeolite samples. These
spectra give some hint on the role of NaOH in creating the hierarchical
structure. The spectra are deconvoluted to calculate the SiO2/Al2O3
ratio appears in the ZSM-5 grid. The convolution peak at low field is
responsible for the Si-(OSi)4 bond in the ZSM-5 framework and the
convolution peak at higher field is responsible for the AlOeSie(OSi)3 or
HOeSi-(OSi)3 bond. As shown, the SiO2/Al2O3 ratio decreases as the
concentration of NaOH used in precursor solution increased. This
clearly deduces that NaOH actually acts as the desilication agent during
the synthesis. This finding is in-line with the nitrogen adsorption-desorption isotherms where the amount of mesopores and the corresponding volumes becomes higher when higher concentration of NaOH
is used. Specifically, the desilication by NaOH happens in-situ during
the hydrothermal process.
In summary, hierarchical ZSM-5 has been successfully synthesized
directly using kaolin as aluminium source without any organic template. It was shown that mesopores system have been generated. The
role of kaolin and the formation of mesopores during the synthesis of
hierarchical ZSM-5 has been attributed to the presence of kaolin
through the dissolution of kaolin and the desilication of ZSM-5.
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Si MAS NMR spectra of hierarchical ZSM-5.

structure. Based on the nitrogen adsorption-desorption isotherms, the
change of hierarchical structure depends on the concentration of NaOH
concentration during the preparation of precursor solution. It is noted
that the hysteresis loops become more significant when the ZSM-5 is
prepared with higher concentration of NaOH. In addition, with increment of NaOH ratio from 10 up to 17, the hysteresis loop of adsorption
branches and desorption branches tent to parallel to each other. Based
on those result, the adsorption-desorption branches of the hysteresis
loop show large parallel disposition of the branches that can be ascribed
as interconnected open mesopores to the external surface of ZSM-5. In
contrast to cavities type pores, which delay the desorption branch to
give rise to a distinct broadening of the hysteresis loop, the open mesopores are more suitable to improve molecular transport by shortening
the diffusion length in the micropores [17]. From the plot of pore size
distribution curves, it is confirmed that NaOH ratio below 15 creates a
well-defined pore size distribution centred around 2.3 nm. Beyond that,
the excess NaOH could possibly create wide range of pore size distribution.
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